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By exploring the simple periodic heat-flow principle of the photoacoustic cell we demonstrate 
experimentally the usefulness of the acoustic cell for studying the transport properties of semiconductors. 
An interesting feature of this technique is that it allows us to separate the different sources of sound 
generation in a semiconductor. Specific application is made for the case of Si crystals submitted to 
rectangular voltage pulses. 
PACS numbers: 72.50.+b, 63.20.Kr, 43.88.+q 
Photoacoustic spectroscopy (PAS) has proved!,2 to 
be an extremely useful tool for studying optical absorp-
tion spectra, not only of crystalline, powdered, and 
amorphous solids but also of liquid and gases. 3 Its 
theory for solid samples was developed by Rosencwaig 
and Gersho. 4 According to these authors, 4 the primary 
source of the acoustic signal arises from the periodic 
heat flow, from the sample to the surrounding gas, as 
the solid is cyclically heated by the absorption of 
chopped light. The periodic flow of this heat, into the 
gas cell, produces pressure fluctuations in it and this 
is how the sound originates. It is precisely the high 
sensitivity of the gas to temperature fluctuations in the 
cell that is making the PAS a widely used alternative 
tool for optical studies. 
Exploring this simple periodic heat -flow principle, 
together with its high performance, one might therefore 
generalize the use of the cell in itself to investigate any 
phenomena involving the periodic heating of a solid. 
Among these phenomena, the simplest ones are related 
to the transport properties of a semiconductor, under 
the influence of a dc field. 5-7 Under a dc electric field, 
the free carriers of a semiconductor, gaining energy 
from the field, will ultimately establish a steady state 
when the energy gained from the field equals the energy 










FIG. 1. Acoustic cell used for investing the transport proper-
ties in semiconductors. 
is translated into excitation of mechanical vibrations 
(phonons) of the SOlid, via the electron-phonon inter-
action. Hence, by pulSing a dc voltage in a semiconduc-
tor, these phonons (excited by the heat dissipation), 
once transmitted through the crystal, can cause pres-
sure fluctuations in the surrounding gas, Confining 
this surrounding gas in a cell (acoustic cell) one can, 
therefore, detect an acoustic signal at the dc pulse 
frequency similar to the case of PAS. 
The main purpose of the present work is to demon-
strate the usefulness of the acoustic cell for studying 
the transport properties of carriers in semiconductors. 
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FIG. 2. Acoustic signal versus the applied peak voltage (Vp) 
for various pulse duration (T). (a) Sample thickness d 
=0.6 mm; (b) d=0.2 mm. 
554 Appl. Phys. Lett. 32(9), 1 May 1978 0003-6951/78/3209-0554$00.50 @ 1978 American Institute of Physics 554 
subjected to a pulsed electric field, and a simple model 
to describe theoretically the phenomenon. 
Our experimental apparatus consisted of a small 
volume aluminum cell. The sample to be studied was 
placed inside the cell containing a gas, such as air, 
and a miniature condenser microphone faced the sam-
ple. This is illustrated schematically in Fig. 1. The 
sample used was Si single crystals sandwiched between 
AI-film electrodes. A pulsed dc voltage was applied 
between the Al electrodes, producing a pulsed electric 
field in the semiconductor. The applied voltage was of a 
rectangular pulse type, of amplitude V" duration T, 
and period T. In Fig. 2 we present the acoustic signal 
as a function of the amplitude, V" for two different 
sample thickness d and different values of the pulse 
duration T. In Fig. 3 we show the variation of the 
acoustic Signal, as a function of the pulse duration, 
for different values of the sample thickness and applied 
voltage. It follows from Fig. 2 that the acoustic Signal 
grows initially with (V,/d)2T (Joule heating), whereas, 
for relatively high fields, it exhibits an exponential 
growth with (V,/d)T. The most important result comes, 
however, from the data displayed in Fig. 3. There is 
clearly a threshold value for the peak amplitude V" for 
which the acoustic signal will grow with the time dura-
tion T. This well-defined value of V, allows the deter-
mination of semiconductor parameters with very good 
accuracy, as we will see. As we shall show, in the 
following, these features of the sound generated in the 
microphone are essentially due to two kinds of mecha-
nisms, namely, the periodic Joule heating of the sample 
and the generation of phonons in the semiconductor due 
to the interaction of the phonons with the drifting 
carriers. 
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FIG. 3. Acoustic signal versus pulse duration for different 
values of the amplitude V,. 
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The kind of behavior depicted in Figs. 2 and 3 may be 
understood by assuming a crude model whereby (i) the 
acoustic signal produced in the cell is proportional to 
the number of phonons, excited in the sample by the 
drifting carriers during a pulse duration; (ii) the pho-
nons are described in terms of a kinetic equation 
involving stimulated emission of phonons by the car-
riers5, 7; (iii) the electron distribution function is as-
sumed to be of a heated displaced Maxwellian type, 8,9 
with a temperature To different from the lattice temper-
ature TL • The distribution is centered at V=Vd, Vd being 
the drift velocity of the carriers. 
Now, the energy delivered by the electric field to the 
electrons is diSSipated, mainly, by emission of phonons 
so that one assumes that the phonon population reaches 
an equilibrium in a very short time; from the energy 
balance, the electron energy loss rate to the phonons 
is e J..LE2 where J..L is the mobility and E is the applied 
electric field. After the phonon population has reached 
its equilibrium in the presence of the applied field, the 
electron -phonon collision with absorption or emission 
of phonons becomes important. With an increasing 
electric field, the electron -phonon collision may even-
tually lead to a growth (amplification) of the phonon 
population. 5-7 The threshold for this sound amplifica-
tion is, of course, reached when the phonon growth 
rate y. becomes larger than the inverse of the phonon 
relaxation time T ... The phonon growth rate depends 
upon the carriers' drift velocity, which depends on the 
applied electric field. 
Within the classical linear theory of the acousto-
electric effect, the rate equation for the phonon popula-
tion is given by 
(1) 
where T. is the phonon relaxation time assumed to be 
described by the Landau-Rumer 10ss10 (T;1 ='lTybCvTow.l 
4pv;; Cv is the lattice specific heat (Dulong-Petit), YG 
is the Griineisen constant, p is the mass density, 
To is the absolute temperature, w. is the phonon fre-
quency, and Vs is the velocity of sound); y. is the phonon 
growth rate due to the collision with the carriers l1 - 13 ; 
and N. is the equilibrium population, which is obtained 
from the energy balance. We assume N.=C/(jJ.E)2, with 
C/ being a proportionality constant. The form of the 
expression for the growth rate y. depends on the situa-
tion being examined. In our case, with Si crystals the 
sound wave propagates in the (111) direction which is 
also the direction of the applied electric field. From 
the expressions derived in Ref. 11 we conclude that, in 
our case [W.=(21T) 100 rad/s], a longitudinal wave will 
be excited with a growth rate given by y. = (noe/pvs) 
(V / d), no being the carrier concentration and V (t) the 
instantaneous applied voltage. Equation (1) can be re-
written as 
In the case of a rectangular voltage pulse of amplitude 
V" duration T, and starting at t = 0, the solution for 
N.(t) is straighforward. One gets, during a pulse 
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duration, 
N (T)=Q.. (~yexp[(noev/pv.d -l/T.)TJ-l . (3) 
• T. d noeVp/P'V.d-l/T. 
For weak fields, the situation noeVp/P'V.d -1/T. <0 is 
always true, given the shortness of the phonon relaxa-
tion time, so that N. (T) varies with (V/d)2 (Joule heat-
ing). On the other hand, for high enough values of 
(Vp/d), noeVp/pv.d -1/T. may become positive (sound 
amplification) with the result that N.(T) may grow 
exponentially with the pulse duration T. 
Since the pressure fluctuation, in the closed cell, is 
proportional to the peak value of the phonon population, 
N.(T), the acoustic signal, Q, in the microphone is 
given by Q ::::AN.(T), where A is related to the conver-
sion efficiency and involves the cell gas parameters. 
Equation (3) explains very closely the kind of behavior 
depicted in Fig. 2. The acoustic signal grows exponen-
tially with the peak voltage Vp, for sufficiently high 
values of Vp/ d. However, by far the most significative 
results are those Fig. 3, where the acoustic signal was 
measured as a function of the pulse duration T. For 
fields such that noeVp/pvsd -l/T. <0, there is phonon 
generation by Joule heating and, for a long enough pulse 
duration, a steady-state situation is reached. When 
the electric field is such that noeVp/P'V. d -1/T. > 0, 
the process of phonon -stimulated emission dominates 
and the acoustic signal grows exponentially with the 
pulse duration, T, indicating the presence of gain in 
the medium. The existence of a threshold value for 
the voltage amplitude, Vp , suggests a simple way to 
determine semiconductor parameters. We will use 
this simple experiment to determine, for example, 
the carrier concentration in a silicon sample. It is 
important to observe that this determination does not 
depend on good Ohmic contacts between the sample 
and the electrodes. From the data of Fig. 3 for 
d = O. 020 cm a threshold Vpth ~ 4.5 V is estimated. 
Using14 v. = 9.37 X 105 cm/s (longitudinal wave in 11111 
direction), p=2033 g/cm 3; Cv=1.61xl01 erg/cm3oC, 
To=300
o K, W.=(27T) 100 rad/s, and'YG~0.44, weesti-
mate the Landau-Rumer 10SSl5 T;I = 0.226 S-I. We can 
then calculate the carrier concentration no from the 
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threshold equation 
noeVp/pv.d= l/T •• (4) 
We obtained no=1.4 X l0
15 cm-3 which is in good agree-
ment with experimental values. Alternatively, we could 
have also, knowing the mobility and conductivity, used 
equation (4) to estimate 'YG which, for Some other 
materials may be a more interesting parameter to be 
obtained. 
In conclusion, we should emphasize that our model 
contains a number of simplifying assumptions. Never-
theless, the good agreement between theory and experi-
ment clearly indicates the usefulness of exploring the 
mechanism of the photoacoustic cell (periodic heating) 
for studying the transport properties of semiconductors. 
Furthermore, the existence of a clear threshold makes 
it possible to determine semiconductor parameters very 
easily. 
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